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ABSTRACT
Mammals maintain specific body temperatures (T b) across a broad range of ambient temperatures. The energy required
for thermoregulation ultimately comes from the diet, and so what animals eat is inextricably linked to thermoregulation.
Endothermic herbivores must balance energy requirements and expenditure with complicated thermoregulatory
challenges from changing thermal, nutritional and toxicological environments. In this review we provide evidence that
plant-based diets can influence thermoregulation beyond the control of herbivores, and that this can render them
susceptible to heat stress. Notably, herbivorous diets often require specialised digestive systems, are imbalanced, and
contain plant secondary metabolites (PSMs). PSMs in particular are able to interfere with the physiological processes
responsible for thermoregulation, for example by uncoupling mitochondrial oxidative phosphorylation, binding to
thermoreceptors, or because the pathways required to detoxify PSMs are thermogenic. It is likely, therefore, that
increased ambient temperatures due to climate change may have greater and more-specific impacts on herbivores than
on other mammals, and that managing internal and external heat loads under these conditions could drive changes in
feeding ecology.
Key words: thermoregulation, metabolism, diet, herbivory, thermogenesis, uncoupling, plant secondary metabolite,
temperature-dependent toxicity, climate change, heat dissipation limitation.
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I. INTRODUCTION
In endotherms, body temperature (Tb) is one of the most
carefully defended physiological traits. Through mechanisms
that control the generation, conservation and dissipation of
heat, endotherms can maintain a relatively constant Tb
across a broad range of ambient temperatures (Rezende
& Bacigalupe, 2015). Thus, thermogenesis and ambient
temperature are inextricably and fundamentally linked.
Differences in cellular processes, particularly those that
alter membrane permeability, contribute to the T b of
different groups of endotherms. In fact, leakage of ions
across cell and mitochondrial membranes throughout the
entire body, and the active pumping of these ions against
countervailing concentration gradients, is what makes
endotherms energy-expensive, heat-generating organisms
(Hulbert & Else, 1990; Else, Turner & Hulbert, 2004).
In a recent phylogenetic analysis of T b in endotherms,
Clarke & O’Connor (2014) found a significant relationship
between T b and diet in mammals. Although T b can be
subject to seasonal variation and photoperiod control (e.g.
Turbill et al., 2011), herbivory is associated with a higher
mean T b than carnivory (Clarke & O’Connor, 2014). In
addition, mammalian herbivores that feed on fibre-rich diets
tend to have higher mean T b than frugivores, which have an
intermediate T b, and flower and nectar feeders which have
the lowest mean T b (Clarke & O’Connor, 2014). Higher
T b has also been linked to herbivory in other taxa, e.g.
birds (Clarke & O’Connor, 2014) and reptiles (Pough, 1973;
Espinoza, Wiens & Tracy, 2004).
The digestion and metabolism of macronutrients and plant
secondary metabolites (PSMs) are exothermic processes,
and some PSMs also have the capacity to interfere with
thermoregulation. These characteristics of herbivorous diets
may present challenges for animals experiencing high
ambient temperatures, because they have less opportunity to
dissipate any heat produced. Under most climate-change
scenarios, extreme events, including droughts and heat
waves, are expected to increase in both frequency and
severity, and temperature minima and maxima are expected
to rise (Parry et al., 2007). While less predictable, there may
also be changes in relative humidity (Zurbenko & Luo, 2015).
Understanding the links between thermoregulation, diet, and
ambient temperature will be invaluable in predicting animal
responses to climate change.
In this review, we examine how the macronutrient and
PSM composition of diets can influence thermoregulatory
processes. Much of the work in this area comes from
pharmaceutical and domestic animal studies, with a lack of
ecologically relevant data for wild endotherms. Nevertheless,
we show that temperature-dependent toxicity of PSMs and
limits to heat dissipation are likely to have a strong influence
on mammalian herbivore–plant interactions, particularly at
high ambient temperatures.
II. BODY TEMPERATURE REGULATION IN
MAMMALS
(1) The thermoneutral zone
The range of ambient temperatures at which heat generated
by resting metabolism is equal to net heat lost into the
environment, resulting in maintenance of Tb, is known
as the thermoneutral zone (TNZ) (Scholander, 1955).
Within the TNZ, behavioural, postural and vasomotor
adjustments are sufficient for matching heat generation with
heat loss. Below the lower critical temperature (LCT) of
the TNZ, heat lost to the environment is greater than
that generated through basal metabolism, so the animal
initiates both a reduction in heat loss (e.g. peripheral
vasoconstriction and piloerection) and an increase in heat
generation (Gordon, Johnstone & Aydin, 2014). Heat may
be generated by shivering thermogenesis, non-shivering
thermogenesis, or activity (Rezende & Bacigalupe, 2015).
Shivering thermogenesis is the generation of heat from
involuntary muscular contractions and hydrolysis of ATP
without any productive movement (Cannon & Nedergaard,
2004). By contrast, non-shivering thermogenesis requires an
increase in metabolic rate through uncoupling of oxidative
phosphorylation in mitochondria, particularly in tissues of
high oxidative capacity (Cannon & Nedergaard, 2004).
At ambient temperatures above the upper critical
temperature (UCT), metabolic rate also increases, but this
is due to active cooling mechanisms, such as sweating or
panting (Rezende & Bacigalupe, 2015). At high ambient
temperatures, and in humid conditions, the physiological
capacity to dissipate additional heat is limited. This means
that there is a smaller margin before the limits of survival
are reached at high ambient temperatures compared to cold
(Cannon & Nedergaard, 2011). High levels of radiant heat
also contribute to external heat load, and high humidity and
low convection make evaporative heat loss more difficult.
For this reason, indices used for quantifying external heat
load often include some combination of temperature,
humidity, radiation, and convection, and responses to
high ambient temperature can be modified by variation
in these other external parameters (Gaughan et al., 2008).
Endotherms must carefully regulate processes that could
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lead to an increase in body heat production when nearing
their UCT, or risk hyperthermia.
(2) Limitations to heat dissipation
The idea that physiological processes may be limited by
an animal’s capacity to dissipate sufficient heat so as to
maintain Tb was recently termed the ‘‘heat dissipation
limitation’’ (HDL) hypothesis (Speakman & Król, 2010).
Evidence for HDL comes from studies of lactating mice
that did not increase food intake or milk production despite
increased litter sizes (Hammond & Diamond, 1992; Johnson,
Thomson & Speakman, 2001), concurrent pregnancy
(Johnson & Thomson, 2001), extended lactation (Hammond
& Diamond, 1994; Laurien-Kehnen & Trillmich, 2003) or
forced exercise (Perrigo, 1987). However, interventions that
enhanced heat loss, such as housing animals at a low ambient
temperature or reducing insulation (shaving of dorsal fur),
resulted in increased food intake, greater milk production,
and heavier offspring (Król, Murphy & Speakman, 2007;
Speakman & Król, 2010). Thus, the ability to dissipate
heat produced by exothermic processes can ultimately limit
energy intake and utilisation for an endotherm.
The HDL can be applied to any process that produces heat
as a by-product, resulting in a trade-off with thermoregula-
tion at high ambient temperatures. Although reproduction
and physical activity are conspicuous examples of exother-
mic processes, the digestion of food also produces heat and
thus may be constrained by thermoregulation. Reduced
food intake and productivity have long been recognised as
consequences of heat stress in domestic animals (Hammond
& Diamond, 1994; Konarzewski & Diamond, 1994; Speak-
man, 2000; Bacigalupe & Bozinovic, 2002), but few studies
have investigated the relationship between diet selection
and ambient temperature in wild endotherms (although see
Kurnath & Dearing, 2013; Kurnath, Merz & Dearing, 2016).
III. FOOD INTAKE AT HIGH AMBIENT
TEMPERATURES
Much of what we know about the impact of ambient
temperature on feeding rates comes from domestic animals.
Increased food intake below the TNZ can be explained
by increased metabolic rate due to the demands of
thermogenesis. Although metabolic rate is also increased
by thermoregulatory demands above the TNZ, food intake
is reduced, often dramatically (e.g. up to 45%; Renaudeau,
Quiniou & Dubois, 2002). This has been observed repeatedly
for domestic cattle (Bernabucci et al., 1999; Ominski et al.,
2002), pigs (Close, Mount & Start, 1971; Prunier, de
Bragança & Le Dividich, 1997; Renaudeau et al., 2002)
and poultry (Dale & Fuller, 1979; Baziz et al., 1996). In many
of these studies, heat stress also alters body composition,
resulting in the accumulation of fat rather than lean body
mass (Rhoads et al., 2013). This is because chronic heat stress
reduces protein synthesis and increases protein catabolism
(Bianca, 1965; Hall et al., 1980; Marder et al., 1990; Wheelock
et al., 2010). Increased protein catabolism likely results
in increased gluconeogenesis (Collins, Mitros & Skibba,
1980; Baumgard & Rhoads, 2012). However, after chronic
heat exposure, blood glucose is often reduced regardless
of increased intestinal absorptive capacity, hepatic output
and renal resorption, indicating negative energy balance
(Baumgard & Rhoads, 2012; Belhadj Slimen et al., 2016).
Therefore, chronic heat exposure shifts the use of energy
substrates away from fatty acid oxidation towards glucose
use (Baumgard & Rhoads, 2012).
Changes in maintenance requirements in response to
ambient temperature are clearly not the sole drivers of
food intake. Rather, there are significant interactions
between diet, energy balance, thermoregulation and
ambient temperature. In both wild and domestic herbivores,
there can be additional seasonal variation in fat deposition
triggered by photoperiod and subject to hormonal regulation
(Nagy, Gower & Stetson, 1995; Faulconnier et al., 2001;
Lincoln et al., 2001). However, the overall decrease in food
intake seen at high ambient temperatures in domestic
animals is thought to be driven by the interaction between
diet-induced thermogenesis (DIT) and the need to balance
heat production and dissipation to maintain T b (Herd,
Oddy & Richardson, 2004; Renaudeau et al., 2012).
IV. DIET-INDUCED THERMOGENESIS AS A
SOURCE OF HEAT
Diet-induced thermogenesis (DIT) is the increase in
metabolic heat production following the ingestion of food. It
is worth noting that terminology associated with this topic is
not uniform, and DIT has been used interchangeably with
‘specific dynamic action’ (SDA), the ‘thermic effect’ of food
(TE), and the ‘heat increment’ (HI) or ‘heat increment of
feeding’ (HIF).
DIT has both an obligatory (ObT) and a facultative
component (FcT). ObT is the heat that is produced by the
digestion, absorption and assimilation of nutrients, while FcT
is heat produced by metabolic uncoupling for the regulation
of energy balance. FcT is also called ‘adaptive thermogenesis’
and ‘regulated thermogenesis’. Eutherians and marsupials
may differ in the importance and control of FcT versus ObT
(Dawson & Olson, 1988).
Many studies investigate DIT as a whole, rather than
distinguishing between FcT and ObT components, and
some studies have investigated FcT or ObT but refer to
their results as DIT (e.g. Feldmann et al., 2009). There are
also both obligatory and facultative components to overall
thermoregulation outside of the DIT umbrella, but they will
not be discussed in detail here.
(1) Obligatory thermogenesis
Larger meals cause greater ObT (and therefore DIT), higher
peak metabolism and a more prolonged effect compared to
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smaller meals (see Secor, 2009 for a comprehensive review).
Some authors report a linear relationship between meal size
(wet mass of the meal or wet mass of the meal as a percentage
of body mass) and DIT (Ross et al., 1992; Secor & Diamond,
1997; Fu, Xie & Cao, 2005), while others have observed
a plateau in DIT as meal size becomes very large (Jobling
& Davies, 1980; Secor & Boehm, 2006; Secor, 2009). This
plateau may result from limits to the oxidative capacity of the
tissues, or alternatively, limits to the digestion and transport
of nutrients in the gut (Jobling & Davies, 1980; Secor, 2009).
Endotherms ingesting foods which are cooler than their
own T b generate extra heat to warm the food (Berteaux,
2000; Secor, 2009). This energy cost is included in DIT,
and will be influenced by the mass of food ingested and its
temperature (Berteaux, 2000; Secor, 2009). Unsurprisingly,
larger and cooler meals require more energy to warm to T b
and are therefore accompanied by larger increases in DIT
(Berteaux, 2000; Secor, 2009).
Environmental temperature can also influence the
measured DIT, such that at low ambient temperatures, the
same meal will appear to have a smaller DIT than at high
ambient temperatures. This is due to compensation – heat
produced by digestion substitutes for specific thermogenesis
that would otherwise be required to maintain T b under
cold conditions (Chappell, Bachman & Hammond, 1997).
In this way DIT is largely hidden by total metabolic rate
adjustments at cool temperatures, and may explain why DIT
is not always observed (Campbell, McIntyre & MacArthur,
2000; Rosen & Trites, 2003). Compensation may be more
useful for animals residing in colder habitats (Campbell
et al., 2000), or potentially, animals experiencing significant
temperature variability, as metabolic adjustments provide a
faster response to cold than alternatives such as producing
extra insulation.
Another factor that influences ObT is the nutritional
composition of the meal. This is because (i) different
macronutrients make different contributions to ObT, and
(ii) the specific amount of heat released during metabolism or
detoxification of a PSM depends on the change in enthalpy
during the chemical processes that contribute to Phase 1
(oxidation, reduction, hydrolysis) and Phase 2 (conjugation)
metabolism of that PSM (Dearing, Foley & McLean, 2005).
In humans, 0–3% of the energy available in fat, 5–10%
of the energy available in carbohydrates, and 20–30% of
the energy available in protein is expended by ObT. In
an energy-balanced state this should account for approx-
imately 10% of total daily energy expenditure (Acheson,
1990; Westerterp, 2004). The relative contributions of these
macronutrients to ObT are consistent across taxa (Secor,
2009). In some herbivores, however, heat produced by
digestion of dietary fibre surpasses the contribution of other
macronutrients to DIT (Secor, 2009). The guts of many her-
bivores are specialised to process large amounts of otherwise
indigestible fibre (largely cellulose and hemicellulose) by bac-
terial fermentation (Stevens & Hume, 1998). For example,
in large ruminant herbivores, 60–70% of energy absorbed
from the diet can be derived from fibre digestion (Egan, 1989;
Devendra & Leng, 2011). The main end products of bacte-
rial fermentation include the short-chain fatty acids (SCFAs),
acetate, propionate and butyrate, and microbial protein
(Stevens & Hume, 1998). High-fibre diets favour the produc-
tion of acetate over propionate. Inefficient ATP production
using acetate as a substrate is now thought, in part, to cause
the high DIT measured in ruminants (Cho et al., 2014). As
testament to the thermogenic effects of acetate, this substrate
is preferentially oxidised when an animal is cold-challenged,
leaving larger amounts of amino acids relative to glucose
available for growth and reproduction than would be avail-
able at thermoneutrality (Baumgard & Rhoads, 2012). When
animals are heat stressed, diets relatively low in dietary fibre,
and more energy dense (e.g. containing more fat), are recom-
mended to ameliorate depressed food intake (West, 1999).
Plant secondary metabolites are ubiquitous in the diets
of browsing herbivores and frugivores. Although some have
a demonstrated role as antifeedants, most of their effects
are uncharacterised (Dearing et al., 2005; Forbey & Foley,
2009). The metabolic activities of the liver, including the
detoxification of PSMs, contribute significantly to heat
generation in the body (Berry et al., 1985; Wang et al.,
2010). For example, protein turnover, one of the major
components of metabolic heat production is significantly
increased during detoxification (Au et al., 2013). There is a
growing body of evidence from pharmaceutical (Keplinger,
Lanier & Deichmann, 1959; Weihe, 1973; Gordon et al.,
1988a), agricultural (Aldrich et al., 1993; Settivari et al., 2008,
2009), and wild herbivore (Chatelain, Halpin & Rowe, 2013;
Kurnath & Dearing, 2013; Kurnath et al., 2016) studies
supporting the idea that ambient temperature can have
dramatic implications for xenobiotic toxicity (Dearing, 2013).
This is termed ‘temperature-dependent toxicity’ (TDT).
(2) PSM metabolism and temperature-dependent
toxicity
The earliest evidence for TDT came from laboratory rodents,
in which the lethal dose of a variety of plant-derived drugs
was reduced at higher ambient temperatures (Keplinger et al.,
1959). Later studies revealed that acclimation to warmer
temperatures may decrease hepatic gene expression of some
enzymes involved in xenobiotic metabolism, and may also
decrease hepatic enzyme activity (Kaplanski & Ben-Zvi,
1980; Settivari et al., 2009). In more ecologically relevant
examples, TDT has been observed in several species of
herbivorous woodrats (Neotoma spp.) (Kurnath & Dearing,
2013; Kurnath et al., 2016) and in vertebrate pests during
poisoning campaigns (Oliver & King, 1983).
Hypnotic state (sleeping time) assays using hexobarbital
showed that liver function in woodrats acclimated to high
ambient temperatures was depressed, and thus clearance
of the hexobarbital took longer than at low temperatures
(Kurnath & Dearing, 2013). Woodrats also demonstrate
temperature-dependent changes in diet selection to reduce
intake of PSMs at high ambient temperatures (Kurnath et al.,
2016). Studies suggest that reduced detoxification capacity
in the liver at high ambient temperatures could be due to
Biological Reviews (2017) 000–000 © 2017 Cambridge Philosophical Society
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one or more of the following: a decrease in expression of
genes coding for enzymes involved in detoxification; reduced
activity of critical enzymatic reactions; or lower liver mass
(Dearing, 2013; Gordon et al., 2014). As ambient temperature
increases, the physiological capacity of herbivores to deal with
PSMs therefore decreases. This can be true even within the
TNZ (Kurnath et al., 2016).
The fundamental reason for down-regulation of
detoxification systems by endotherms at high ambient
temperatures is likely to be limitations to heat dissipation.
Heat produced by detoxification of PSMs must be able
to be dissipated, or the animal risks hyperthermia. Any
thermogenic action of PSMs can be considered to alter the
ObT component of DIT, as the amount of heat produced
from the animals’ perspective can only be changed via the
amount of food taken in. Thus, in accordance with the HDL
hypothesis, it is likely that animals would defend T b by
reducing DIT through eating less of diets containing PSMs
at high ambient temperatures. As suggested by Kurnath et al.
(2016), the interaction between ambient temperature and
liver function could have critical implications for mammalian
herbivores that must balance PSM detoxification with
thermoregulation, particularly in a warming environment.
(3) Facultative thermogenesis
The FcT component of DIT is a means for maintenance
of energy homeostasis. Early researchers noted that energy
intake could exceed energy allocation to growth and main-
tenance, suggesting that some of the metabolisable energy
from the diet was converted to heat and dissipated (Miller &
Payne, 1962). Later, Rothwell & Stock (1979) showed that
rats fed cafeteria diets had higher non-shivering thermogenic
capacity than those fed formulated diets. Stock (1999) points
to a scarcity of obesity-prone phenotypes as evidence for the
adaptive advantage of energetically wasteful thermogenic
mechanisms, i.e. FcT. However, he also points out that these
mechanisms must be regulated so that they can be switched
off either when energy availability is limited, or energy
demand is increased, such as during pregnancy or lactation.
Whereas all tissues contribute to thermogenesis in varying
amounts, the primary tissue responsible for FcT in eutherian
mammals is considered to be brown adipose tissue (BAT)
(although see Kozak, 2010). The thermogenic capacity
of BAT is attributable almost entirely to the actions of
uncoupling protein 1 (UCP1) (Cannon & Nedergaard,
2004). UCP1 is an anion-carrier protein on the inner
mitochondrial membrane, which allows protons to pass
between the inter-membrane space and the mitochondrial
matrix (Fig. 1B). This protonophoric activity results in
dissipation of the electrochemical gradient, which provides
the proton-motive force required by ATP synthase to convert
ADP to ATP (Fig. 1A). As a result, more glucose and
oxygen are consumed by the electron transport chain to
generate the gradient and form the same amount of ATP
(Lowell & Spiegelman, 2000; Krauss, Zhang & Lowell,
2005). Uncoupling refers to this mismatch between oxygen
consumption (cellular respiration) and ATP synthesis. The
chemical energy consumed through this ‘futile cycling’ of
ions is dissipated from mitochondria as heat (Silva & Rabelo,
1997; Cannon & Nedergaard, 2004).
FcT is regulated centrally by the sympathetic nervous
system, and several key hormones are involved in the process
(Cannon & Nedergaard, 2004; Fig. 2). FcT is influenced
by diet, environmental temperature, and likely, by many
genes. For example, FcT is initiated in response to chronic
over-eating (Fig. 2). Like any thermogenesis, FcT will be
restricted by the ability to dissipate the heat produced.
Consequently, FcT may be less useful as an energy-balancing
mechanism at high ambient temperatures. Since the action
of UCP1 is up-regulated in both cold acclimation and in
times of excess energy intake, animals that routinely have a
total energy intake that exceeds their requirements are also
effectively cold-acclimated, having up-regulated some of the
same physiological mechanisms as would occur in response
to chronic cold exposure.
The lack of BAT and UCP1 in some eutherian
mammals (e.g. Berg, Gustafson & Andersson, 2006),
its down-regulation in human adults (Rowland, Bal &
Periasamy, 2015), and controversy surrounding its presence
in marsupials (Jastroch et al., 2008), has led to a search
for other thermogenic mechanisms. Futile cycling of
Ca2+ by the sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA1) pump in skeletal muscle has been proposed
as a complementary method of facultative thermogenesis
in mammals (Arruda et al., 2008; Little & Seebacher,
2014; Rowland et al., 2015), particularly larger mammals
(Rowland et al., 2015), and is the primary site for FcT in
birds (Teulier et al., 2010). This ion pump is abundant in
skeletal muscle (Vangheluwe et al., 2005; de Jonge et al.,
2006; Babu et al., 2007; Rowland et al., 2015), its activity
can be regulated by cellular conditions (de Meis, 2002;
de Meis, Arruda & Carvalho, 2005; Arruda et al., 2008;
Kjelstrup et al., 2008; Mahmmoud, 2008), and its action
can be uncoupled from ATP hydrolysis by sarcolipin (SLN)
(Smith et al., 2002; Mall et al., 2006; Bal et al., 2012). SLN
knockout mice develop hypothermia at 4◦C (Bal et al.,
2012), and SERCA1 expression is increased in the red
muscle of rabbits acclimated to cold ambient temperatures
(Arruda et al., 2008). In addition, overexpression of SLN
enhances energy expenditure and provides resistance against
diet-induced obesity (Bal et al., 2012; Maurya et al., 2015).
Mitochondrial creatinine kinases may also play a role in
FcT (Müller et al., 2016). The potential role of these skeletal
muscle-based thermogenic mechanisms in FcT in marsupials
is yet to be confirmed, as is the role of thermogenesis in the
liver (Rowland et al., 2015). In fact, our understanding of
how these alternative thermogenic mechanisms operate is in
its infancy. How they may interact with macronutrients in
the diet is an area for future research.
(4) Nutrient balancing using facultative
thermogenesis
Wild herbivores are faced with a heterogeneous nutritional
landscape of plants with varying concentrations of nutrients
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(A) (B) (C)
Fig. 1. Mechanisms of mitochondrial uncoupling. (A) ‘Coupled’ mitochondria. The electron transport chain generates an
electrochemical gradient by pumping protons from the mitochondrial matrix through the inner mitochondrial membrane, into the
inter-membrane space. This process consumes oxygen and generates heat. The electrochemical gradient is required so that protons
move through ATP synthase down the electrochemical gradient, allowing it to phosphorylate ADP into ATP. (B, C) Two ways in
which oxygen consumption can be ‘uncoupled’ from ATP synthesis. (B) Uncoupling protein 1 (UCP1) on the inner mitochondrial
membrane. UCP1 acts as a channel through which protons can pass from the inter-membrane space to the mitochondrial matrix.
(C) A classical mitochondrial uncoupling agent (MUA) or ‘proton shuttle’ moving protons via ‘perpetual disequilibirum’. As a weak
acid, the MUA readily associates and dissociates from protons. The neutral species diffuses across the inner mitochondrial membrane
into the mitochondrial matrix (down a chemical gradient) and dissociates into an ionised form. The ionised form is driven back
into the intermembrane space due to the strong electrical potential across the membrane (down an electrical gradient). A proton is
carried across the inner mitochondrial membrane with each iteration of the cycle. The result of both UCP1 in B and the MUA in C
is dissipation of the electrochemical gradient required by ATP synthase. This means that, to generate the same amount of ATP, the
electron transport chain must work harder, consuming more oxygen and generating more heat in the process.
and PSMs. An animal ingesting a single nutritionally
balanced food would only need to eat until its energy and
protein requirements were met simultaneously. However,
an animal eating foods with insufficient protein, but excess
available fats and/or carbohydrate must exceed its total
energy requirements in order to meet its protein requirements
(Sørensen et al., 2008).
Raubenheimer & Simpson (1997) and Simpson &
Raubenheimer (2001) proposed a geometric approach to
visualise trade-offs in diet selection amongst nutritional intake
targets for different nutrients when feeding on nutritionally
unbalanced foods. This approach has been used successfully
to show, for example, that wild spider monkeys (Ateles chamek)
prioritise the acquisition of protein over total energy, and
therefore ingest excess energy (Felton et al., 2009).
When excess energy is ingested, fat storage can be useful
insurance against times of food limitation. In these ‘stochastic
shortfalls’, individuals that store more fat can survive longer
than those that store less (Speakman & Westerterp, 2013).
However, as Speakman (2014, p. 92) points out ‘‘If the
avoidance of starvation was the only criterion that governed
the level of fat storage, then one would predict that individ-
uals should always maximise their fat storage levels and the
world should be populated only by massively obese animals.’’
In some circumstances, storing large amounts of fat is not
possible due to nutritional limitations, but in many situations
food supply is not constrained. For example, captive animals
given unlimited food, smaller individuals, or non-lactating
individuals within a population do not always become obese
(Boutin, 1990; Speakman & Król, 2010). In the latter two
cases supply is similar to that of their counterparts, even
though energy demand is lower. The ‘mass-dependent
starvation–predation risk trade-off hypothesis’ describes
the most touted countervailing selection pressure against
unchecked fat storage: predation risk (Lima, 1986; Carlsen
et al., 1999; Brodin, 2001; MacLeod et al., 2007; Higginson,
McNamara & Houston, 2012). Predation risk is increased by
loss of speed and agility as fat stores and body mass increase
and by the need to spend more time foraging due to higher
absolute energy requirements (Speakman, 2014). Having
physiological mechanisms to prevent excessive weight
gain may be particularly important for individuals who
do not hibernate and are forced to over-consume energy
in order to meet their requirements for other nutrients
(Huang et al., 2013).
Fruit bats (Pteropodidae: Megachiroptera) are argued to
be an example that links energy dissipation via BAT with
a diet that is imbalanced in available energy and protein
(Stock, 1999). They typically eat a low-protein (2–5% crude
protein) diet (Delorme & Thomas, 1996; Herrera et al., 2002),
and have maintenance energy requirements approximately
threefold greater (1300 kJ.kg−0.75.d−1) than other mammals
Biological Reviews (2017) 000–000 © 2017 Cambridge Philosophical Society
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Fig. 2. Facultative thermogenesis in eutherian mammals. Following a meal, (a) insulin is released from the pancreas and
crosses the blood–brain barrier. Centrally, it has a permissive effect on the hypothalamus to govern thermogenesis via the
hypothalamic–pituitary–adrenal axis (Silva, 2006; Schwartz et al., 2008). This leads to (b) release of noradrenaline (NA) from the
adrenal glands (Cannon & Nedergaard, 2004). (c) Concurrently triiodothyronine (T3) is released from the thyroid glands and
increases the sensitivity of tissues to NA (Silva & Rabelo, 1997). (d ) During chronic over-eating, the synergistic action of NA and T3
leads to upregulation of uncoupling protein 1 (UCP1) (Silva, 2006), and (e) the overall amount of brown adipose tissue (BAT) in the
body is increased through hypertrophy and/or hyperplasia of BAT adipocytes. This is paralleled by (f ) an increase in mitochondrial
numbers (Cannon & Nedergaard, 2004). Furthermore, (g) free fatty acids are liberated from both BAT and white adipose tissue
(WAT) (Cannon & Nedergaard, 2004). These free fatty acids counter inhibition of UCP1 in BAT by purine nucleotides and
cause increased glucose transport into the mitochondria, which results in further stimulation of UCP1 [for reviews of BAT in the
facultative component of diet-induced thermogenesis (FcT) see Cannon & Nedergaard, 2004 and Lowell & Spiegelman, 2000, and
on hormonal control of thermoregulation see Silva, 2006]. More recently, a browning of WAT, to form ‘beige fat’ has also been
recognised (h) whereby bipotent pre-adipocyte cells or WAT differentiate into beige adipocytes (Harms & Seale, 2013). These ‘beige’
adipocytes are similar to BAT, having high thermogenic capacity, and high levels of UCP1 (Harms & Seale, 2013). They clearly play
a similar role in thermoregulation and energy balance in laboratory rodents (Ma et al., 1988; Anunciado-Koza et al., 2011; Fromme
& Klingenspor, 2011). However, the full extent of this contribution is not yet understood in free-ranging animals attempting to
regulate fat storage in a nutritionally challenging landscape (see review by Harms & Seale, 2013).
(420 kJ.kg−0.75.d−1) (Delorme & Thomas, 1996). Although
they are found mainly in the tropics and sub-tropics, fruit
bats have surprisingly well-developed BAT stores (Okon,
1980). Fruit bats appear particularly sensitive to heat
stress, as thousands die during heat waves (Welbergen et al.,
2008). Interestingly, BAT in fruit bats is most metabolically
active during the daytime, rather than at night (Stock,
1999). The HDL hypothesis suggests that an endotherm’s
ability to expend excess energy through FcT is limited by
the rate at which the heat generated can be dissipated
into the environment. Total heat load comes from both
internal thermogenic processes (e.g. protein synthesis, ion
transport, digestion, muscle contraction, lactation), and from
external sources (e.g. radiation, conduction, convection).
While ambient temperatures are higher during the day,
flight and feeding at night also lead to the production of
metabolic heat. If the energy that has been ingested in excess
of maintenance can be converted to heat, it should be done
at a time when the overall heat stored in the body is lowest. In
this case, the heat load from flight and feeding may be more
than the ambient heat load during the day. It is common for
large herbivores to store heat internally (thus sparing water
from being used for cooling) until the ambient temperature
favours heat dissipation (Gordon et al., 2014; Hetem et al.,
2016), highlighting how FcT can be constrained by heat
dissipation. Unfortunately, there has been little research to
date investigating the use of FcT for energy balance in wild
herbivores, or the implications of HDL in this context.
V. THERMOGENIC AND THERMODISRUPTIVE
PLANT SECONDARY METABOLITES IN THE
DIET
To maintain temperature homeostasis, the body has a
system for detecting central and peripheral deviations in
temperature, integrating this information, and effecting a
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physiological or behavioural change (Bligh, 1966). Any
compound that disrupts this process has the potential to
alter the animal’s ability to respond to thermal challenges.
Some PSMs can activate or inhibit both short-term
thermoregulatory mechanisms and energy homeostasis. In
addition, compounds which act as behaviour modifiers (e.g.
chlorpromazine) can prevent behavioural thermoregulation,
and have been associated with human drug-related
hyperthermia (Weihe, 1973).
(1) Plant secondary metabolites that disrupt
thermoception
Several PSMs have been shown to activate TRPV1
(heat) and TRPM8 (cold) thermoreceptors (Table 1). These
thermoreceptors are present in different body regions. For
example, TRPV1 has been confirmed in skin, gut, bladder,
blood vessels, bronchi, tongue and central nervous system,
and activation of the same receptor in the gut or the skin
may elicit different responses (Premkumar, 2014). Activation
of TRPV1 in the skin initiates peripheral vasodilation and
heat loss (Varga et al., 2005; Gavva, 2008), while activation
of the same receptor in the gut also results in a feeling of
satiety (Wang, Miyares & Ahern, 2005).
Capsaicin, the active ingredient in chilli peppers (Capsicum
spp.), is probably the best studied of these compounds.
It binds to the mammalian TRPV1 receptor (Caterina
et al., 1997; Premkumar, 2014), causing the ion channel
to open, resulting in afferent neurons signalling to the
hypothalamus that heat is detected (Premkumar, 2014).
The ingestion of capsaicin initially produces vasodilation
and sweating (Ahern, 2013), followed by a reflex sympathetic
response causing activation of thermogenesis via UCP1 in
BAT (Ono et al., 2011). Thus, activation of TRPV1 induces
both heat-loss and heat-production mechanisms, such that
following the initial hypothermic period, a longer-lasting
hyperthermic period is experienced (Kobayashi et al.,
1998). Ingestion of capsaicin in mice causes increases in
thermogenesis 5–20% above basal (Saito, 2015). This has led
to the investigation of capsaicin as a potential weight-loss drug
(Wang et al., 2005; Ahern, 2013). In addition, capsaicin can
cause thermogenesis in skeletal muscle through uncoupling
of SERCA1 mediated by TRPV1 binding (Lotteau et al.,
2013).
PSMs that bind to TRPM8 cold receptors, such as
menthol from mint (Mentha spp.) (McKemy et al., 2002; Ma
et al., 2012) and 1,8-cineole from Eucalyptus (Takaishi et al.,
2012), lead to up-regulation of heat-generating mechanisms
(Table 1). Menthol can cause increased core temperature,
rectal temperature and reduced sweating (Ma et al., 2012).
Furthermore, it causes up-regulation of UCP1 in BAT, and
hence increased thermogenesis and obesity resistance (Ma
et al., 2012).
There are many of these types of thermoreceptors,
and many PSMs have been identified as binding to
them (see examples in Table 1). When these PSMs are
ingested, inappropriate thermoregulatory mechanisms may
be initiated in response to misinformation about the thermal
environment. These effects can be ongoing, as some
potent PSMs, such as resiniferatoxin, found in Euphorbia
resinifera (Table 1), can cause complete ablation of the nerve
terminal through sustained Ca2+ influx (Brown et al., 2005;
Raisinghani, Pabbidi & Premkumar, 2005; Jeffry et al., 2009;
Iadarola & Mannes, 2011; Premkumar, 2014). While there
is evidence that activation of these receptors may disrupt
thermoregulation, studies of their effects, if any, on wild
herbivores ingesting plants that naturally contain these
compounds are absent from the literature. It is clear that
any compound which disrupts accurate detection of thermal
challenge makes thermoregulation more difficult and that
these receptors also play a role in energy balance. As a
consequence, a need to defend T b in circumstances of
thermal challenge, or perceived thermal challenge, may
limit how much of these compounds herbivores can eat.
(2) Plant secondary metabolites that disrupt heat
loss mechanisms
In cattle, a condition known as fescue toxicosis, which arises
from ingestion of fungal ergot alkaloids on infected pasture, is
exacerbated by elevated ambient temperature (Spiers, Evans
& Rottinghaus, 2005). This example is often provided as a
classic case of TDT, however it is somewhat confounded by
the action of the toxin, which interferes with heat loss by
limiting vasodilation in the periphery (Aldrich et al., 1993).
Similar to this, at high ambient temperatures there have been
cases where humans have been hospitalised when taking
drugs that act on thermoregulatory mechanisms (Stadnyk &
Glezos, 1983; Clark & Lipton, 1984; Vassallo & Delaney,
1989).
The ingestion of tropane alkaloids, such as hyoscyamine,
atropine and scopolamine, which are commonly found in
the family Solanaceae, frequently results in hyperthermia
(Molyneux & Panter, 2009). All three of these compounds
act as anticholinergics (Grynkiewicz & Gadzikowska, 2008),
meaning that they block the neurotransmitter acetylcholine
in nerve synapses of the parasympathetic nervous system
(Chang et al., 1999). This causes inhibition of sweating
and peripheral vasodilation, resulting in an increase in
body temperature through an inability to initiate heat loss
(Chang et al., 1999; Grynkiewicz & Gadzikowska, 2008).
Sympathomimetic compounds, such as ephedrine, found in
Ephedra sinica, can inhibit peripheral vasodilation and also
increase heat generation (Komissarov, 1964; Ibragic & Sofic,
2015). Amphetamine-related hyperthermia in humans is also
due to sympathomimetic action (Asser & Taba, 2015).
(3) Plant secondary metabolites and salts influence
water intake and requirements
The renal mechanisms for excretion of PSMs require water
(Foley, McLean & Cork, 1995). Ingestion of PSMs in the
natural diet of two species of woodrat (Neotoma albigula
and Neotoma stephensi) resulted in increased voluntary water
intake and urine output and decreased urine osmolarity in
both species (Dearing, Mangione & Karasov, 2001). High
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Ambient temperature and herbivore feeding ecology 11
electrolyte loads also require renal excretion mechanisms.
Despite fairly widespread existence of halophytic plants,
very few herbivore species are specialist consumers. The
red vizcacha rat (Tympanoctomys barreriae) is only able to
consume the leaves of halophytic salt bush (Atriplex spp.)
due to specialised highly developed renal papillae, allowing
production of extremely concentrated urine (Mares et al.,
1997). Herbivores without such adaptations (e.g. sheep
grazing on salt bush) require higher fresh water intake to
allow for urinary excretion of high salt loads (Wilson, 1966).
For wild herbivores this excess of fresh water may not be
available, leaving a trade-off between food intake and water
conservation when food contains PSMs or high electrolyte
loads. When body water is being used for evaporative cooling,
less still is available for excretion, and hence intake is further
constrained at high ambient temperatures.
(4) Plant secondary metabolites that act as
mitochondrial uncoupling agents
PSMs that cause up-regulation of UCP1 in BAT, such as
some of those listed in Table 1, directly activate thermogenic
mechanisms. However, uncoupling can also occur if PSMs
act as exogenous mitochondrial uncoupling agents (MUAs)
(Fig. 1C). Typically, exogenous MUAs are small, ionisable
compounds with moderate to high lipophilicity and extensive
charge delocalisation (Wallace & Starkov, 2000; Martineau,
2012). These characteristics result in protonophoric activity
by allowing the MUA to pass across the phospholipid
bilayer of the inner mitochondrial membrane, picking up
hydrogen ions in the inter-membrane space, and releasing
them into the mitochondrial matrix (proton shuttling)
(Terada, 1990; Wallace & Starkov, 2000; Martineau, 2012).
Similar to the action of UCP1, the result is dissipation
of the electrochemical gradient generated by the electron
transport chain, and uncoupling of cellular respiration from
ATP synthesis (Terada, 1990; Wallace & Starkov, 2000;
Martineau, 2012). The energy lost in this process is released
as heat. Importantly, for both endogenous uncoupling
proteins and exogenous uncoupling agents to result in
significant thermogenesis, the uncoupled mitochondria need
high oxidative capacity. This is commonly observed in the
liver, where PSMs are first transported after absorption.
A wide variety of PSMs possess the characteristics
necessary to act as exogenous MUAs, including phenols,
coumarins, monoterpenes and salicylic acids (Terada, 1990;
Martineau, 2012). Very few of these have been tested for
uncoupling activity in vitro (see Martineau, 2012 for a list of 48
phenolic compounds tested as MUAs), and even fewer in vivo,
despite their presence in the diets of herbivores. One in vitro
study found that royleanones from Salvia officinalis roots and
macrocarpal G from Eucalyptus viminalis leaves both caused
proton conductivity in artificial bilayer lipid membranes and
exerted an uncoupling action on rat liver isolates (Spiridonov
et al., 2003). Although the in vivo uncoupling effects are
unknown, koalas (Phascolarctos cinereus) could ingest 2–3 g
of macrocarpal G per day when feeding on E. viminalis
(Moore et al., 2005). Other PSMs that are potent uncouplers
include the C-methylated flavonoids myrigalone A, B and G,
from the fruits of Myrica gale L., which uncoupled oxidative
phosphorylation in rat liver mitochondria at double the
efficacy of the model proton shuttle uncoupling agent,
2,4-dinitrophenol (DNP) (Mathiesen, Malterud & Sund,
1996).
Few PSMs have been tested for their ability to
cause thermogenesis by uncoupling SERCA1, although
capsaicin has been shown to uncouple SERCA1 in vitro
(Mahmmoud, 2008; Table 1). Like MUAs, uncouplers of
SERCA1 need to reach a tissue of sufficient oxidative
capacity, in an appropriate concentration, to cause significant
thermogenesis through uncoupling. For skeletal muscle this
means red fibres rather than white fibres, which have higher
oxidative capacity and are more numerous in large animals
(Emmett & Hochachka, 1981; Hesse, Fischer & Schilling,
2010).
Although the effect of PSMs on thermoregulation and
energy balance is rarely considered in nutritional studies,
there have been a number of studies that utilise DNP to
investigate the impacts of mitochondrial uncoupling on life
history. Uncoupling by DNP can reduce exercise capacity
(Schlagowski et al., 2014), increase or decrease litter/offspring
size (Robert & Bronikowski, 2010; Stier et al., 2014), and
alter growth and maturation rates (Ojano-Dirain et al., 2004;
Iqbal et al., 2005; Caldeira da Silva et al., 2008; Robert &
Bronikowski, 2010; Toyomizu et al., 2011; Salin et al., 2012),
and longevity (Barros et al., 2004). In addition, uncoupling by
DNP can lead to significant (sometimes fatal) hyperthermia
in humans (Grundlingh et al., 2011). Studies are needed that
relate feeding or life history to exogenous MUAs found in
the natural diet.
In vitro studies alone do not confirm that a PSM will
cause in vivo mitochondrial uncoupling. For example, the
dose of compound needed to induce acute mitochondrial
uncoupling may be higher than that ingested naturally.
In addition, the absorption, distribution, metabolism and
excretion (ADME) of compounds can all play a significant
role in the effective dose that a herbivore receives (Forbey
et al., 2013). Nevertheless, if MUAs do reach tissues with
high oxidative potential, such as the liver, and cause
significant thermogenesis through acute uncoupling of
oxidative phosphorylation in the mitochondria, the result will
be a short-term shift in how much energy is consumed by heat
production. Because of reduced mitochondrial efficiency, less
of the energy taken in is available for work or storage.
The interactions between diet selection, PSMs, and
thermogenesis are clearly complex, and this is likely to
be a productive area for future research. The effect of
dietary PSMs on heat production in vivo could be measured
indirectly using respirometry (Thomas, Samson & Bergeron,
1988; Iason & Murray, 1996), whereby the effect would
equal the difference between measured metabolic rate after
ingestion of a meal containing a PSM minus basal metabolic
rate and DIT. An alternative method would be to measure
heat production using direct calorimetry. The value of
combined respirometry and direct calorimetry is that it
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is possible to compare calculated (from O2 consumption)
and measured increases in heat production in response
to PSM ingestion. This method could take into account
any uncoupling effects of PSMs whereby the increase in
heat production exceeds that calculated from the increase
in respiration.
VI. PREDICTING RESPONSES TO CLIMATE
CHANGE
(1) Strategies to limit hyperthermia associated with
feeding
Throughout this review, we have considered evidence that
the heat produced by DIT can impede thermoregulation at
high ambient temperatures. As hyperthermia has far more
immediate detrimental consequences than reduced nutrient
intake, it is likely that animals would defend their T b by
altering their feeding ecology at high ambient temperatures.
One way in which herbivores could reduce DIT is by
down-regulating endogenous uncoupling (i.e. FcT). This
would mean that, if the animal was consuming excess overall
energy to meet its requirements for protein, the excess might
now be stored as fat. The utility of this strategy is limited
because selection is unlikely to favour excessive long-term
fat storage under most circumstances in the wild, although
down-regulation of FcT certainly has the potential to provide
a buffer.
Another way to reduce DIT would be to reduce meal size.
Since the contribution of ObT to DIT is directly related to the
energetic content of the meal, larger meals result in greater
DIT, even in an energy-balanced state (i.e. when it cannot
be attributed to dietary driven FcT) (Secor, 2009). Reducing
meal size would also reduce the amount of thermogenic
PSMs ingested. However, should animals choose to
decrease meal size, without increasing meal frequency,
they may not be able to eat sufficient to meet energy
and nutrient requirements for growth and maximal rates
of reproduction.
For many herbivores, water is also obtained solely or
predominantly from plants, rather than as free water.
Therefore, another consequence of decreased food intake
is a reduction in water intake. As a case study, consider
the koala (Phascolarctos cinereus), which obtains both food
and water predominantly from Eucalyptus leaves. If high
ambient temperature drives a reduction in food intake
in koalas to minimise DIT, less water will be available
for thermoregulation. Koalas use evaporative cooling for
heat loss, primarily by panting, but also by licking their
forearms, and salivating (Harrop & Degabriele, 1976;
Degabriele, Harrop & Dawson, 1978). When ambient
temperature approaches body temperature, evaporative
cooling is initiated and respiratory rates are increased by
up to 20 times (Degabriele & Dawson, 1979). Leaf water,
and the physical attributes of trees, can determine tree use
by koalas in response to ambient temperature changes (Ellis
et al., 2010; Briscoe et al., 2014). Water limitation can also
drive the distributions of other arboreal folivore species, as
the forest canopy contains few sources of free-standing water,
and, in arboreal species, small body sizes preclude significant
heat storage (Krockenberger, Edwards & Kanowski, 2012).
During heat waves in eastern Australia, koalas descend from
trees and search for water along roadsides and in houses,
and in several locations, hyperthermia has been blamed for
drastic population reductions (Gordon, Brown & Pulsford,
1988b; Lunney et al., 2012).
Since some components of the diet make a greater
contribution than others to ObT, herbivores could also
choose diets that contain different ratios of macronutrients,
or lower concentrations of PSMs, in order to reduce DIT. In
terms of macronutrients, animals may prefer foods that have
a lower protein: carbohydrate ratio, or less fibre. Their ability
to do so, of course, depends on the choice and availability of
foods with different compositions, as well as their nutritional
requirements at the time. For example, if an animal is
growing or reproducing (inherently thermogenic processes),
it may have higher protein requirements. As a consequence,
by reducing intake of thermogenic dietary components
such as protein, they may suffer reduced productivity or
reproductive success (Atinmo et al., 1976; Sasser et al., 1988;
Plavnik & Hurwitz, 1990; DeGabriel et al., 2009). Relatively
small changes in the diets of individuals can result in
relatively large changes at the population level because of
multiplier effects on productivity. The reproductive success
and offspring condition of brushtail possums (Trichosurus
vulpecula) declines dramatically with small changes in leaf
digestible nitrogen (DeGabriel et al., 2009). A daily mass
gain of 268% was projected in reindeer (Rangifer tarandus)
following a 14% increase in digestible energy and 27%
increase in dry matter intake during selective grazing in
summer. A 14% increase in body mass in young female
reindeer is sufficient to cause a 35% increase in conception in
Autumn (White, 1983). Temperature-driven changes in diet
selection by herbivores could equally influence population
demographics because ‘‘the existence of multiplier effects
means that small, difficult-to-detect grazing patterns, nutrient
selection processes or even plant avoidance phenomena
can strongly influence animal performance’’ (White, 1983,
p. 383).
(2) Shifting plant nutritional quality
The overall nutritional quality of grasses, forbes and trees
is predicted to decrease in response to climate change
(Robinson, Ryan & Newman, 2012; Rothman et al., 2015;
Fig. 3). Protein concentration is likely to decline, but
digestible energy may not, and fibre concentration is
likely to increase (Bidart-Bouzat & Imeh-Nathaniel, 2008).
Several PSMs, including phenolics such as tannins and
flavonoids, may increase in concentration, but there are
a multitude of interacting factors, including temperature,
O3, soil chemistry, insect herbivory, and precipitation
that also influence nutritional quality in glasshouse studies
(Bidart-Bouzat & Imeh-Nathaniel, 2008; Craine et al., 2010).



















































































Fig. 3. Conceptual model of the implications of climate change for plant–herbivore interactions. In each panel, the available
protein concentration in plants is shown on the y-axis, and the plant secondary metabolite (PSM) concentration on the x-axis. The
green circles represent the range of PSM and protein concentrations available in plants in the environment of the animal. Darker
shading indicates more plants. The predicted effect of increasing atmospheric CO2 on the range of PSM and protein concentrations
available in plants is shown from the left to right columns. Blue triangles represent the potential dietary niche of a mammalian
herbivore, which could be affected by increasing ambient temperatures (from bottom row to top row). The area outlined by the pink
dotted line indicates where herbivory is feasible, because the physiological capacity of the animal overlaps with plant availability.
Hypothetical numbers indicate the percentage overlap between the plants available and the dietary niche of the mammalian
herbivore. Either an increase in temperature or an increase in atmospheric CO2 would change the percentage of available plants
that are suitable food for herbivores, and together the change is more dramatic.





14 Phillipa K. Beale and others
Translating the effects on plants in small pots to trees in the
ground is challenging.
Should PSM concentrations increase, the responses of
herbivores to increasing ambient temperatures will be more
pronounced, and could dramatically alter the availability
of plants that are suitable food for herbivores (Fig. 3). This
could be exacerbated by reduced concentrations of protein
or available protein, since protein turnover is increased
during the metabolism and excretion of many PSMs (Fig. 3).
The result of these effects is that herbivore pressure may
be skewed towards a smaller number of individual plants
(Fig. 3). This, in turn, has the potential to alter a variety of
ecosystem processes. Mammalian herbivory has been shown
to directly alter plant succession, nutrient flux, primary
productivity, insolation, and fire frequency and severity,
resulting in flow-on effects to ecosystem dynamics as a
whole (Ayers, 1993). Of course, the shift in plant–herbivore
dynamics in each system will depend on the species involved,
the density of herbivores, the specific requirements of the
animal at the time, competition among herbivores, and the
distribution of plants with differing chemical and nutrient
composition.
The rate of ambient warming, coupled with changes in
plant chemistry, will dictate whether changes in feeding
behaviour will be sufficient to overcome problems associated
with dissipating heat produced by DIT at high ambient
temperatures. If animals are unable to find thermal refugia
in space or time, or make behavioural or physiological
adjustments they will be more susceptible to heat stress or
hyperthermia, particularly in heat-wave conditions. If dietary
factors threaten thermoregulation, then other activities that
generate heat, such as lactation or locomotion may be
compromised (Hetem et al., 2016). It is clear that the
diet–temperature relationship will be key in predicting
ecosystem functioning as a whole, and for understanding
physiological challenges faced by mammalian herbivores
subject to a changing climate.
VII. CONCLUSIONS
(1) Feeding and thermoregulation in endotherms are linked,
but this interaction is often overlooked, particularly in
wild herbivores. Increasing ambient temperatures make
understanding this relationship more pressing.
(2) The imbalanced nature of herbivore diets and the
presence of PSMs which may be thermodisruptive increases
the chance of heat stress at high ambient temperatures.
Furthermore, detoxification of PSMs can be temperature
dependent. Limits to the rate at which heat can be
dissipated may require the animal to modulate intake of
these compounds to avoid hyperthermia.
(3) Climate change may alter plant–herbivore relation-
ships, as both the physiological tolerance of herbivores to
PSMs and the nutritional composition of plants are likely
to be affected. Further research is needed to clarify the
magnitude and consequences of these complex interactions.
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Pintér, E., Szolcsányi, J. & Helyes, Z. (2005). Effects of the novel TRPV1
receptor antagonist SB366791 in vitro and in vivo in the rat. Neuroscience Letters 385,
137–142.
Vassallo, S. U. & Delaney, K. A. (1989). Pharmacologic effects on thermoregula-
tion – Mechanisms of drug-related heatstroke. Journal of Toxicology-Clinical Toxicology
27, 199–224.
Vogt-Eisele, A. K., Weber, K., Sherkheli, M. A., Vielhaber, G., Panten, J.,
Gisselmann, G. & Hatt, H. (2007). Monoterpenoid agonists of TRPV3. British
Journal of Pharmacology 151, 530–540.
Wallace, K. B. & Starkov, A. A. (2000). Mitochondrial targets of drug toxicity.
Annual Review of Pharmacology and Toxicology 40, 353–388.
Wang, T., Wang, Y., Kontani, Y., Kobayashi, Y., Sato, Y., Mori,
N. & Yamashita, H. (2008). Evodiamine improves diet-induced obesity in
a uncoupling protein-1-independent manner: involvement of antiadipogenic
mechanism and extracellularly regulated kinase/mitogen-activated protein kinase
signaling. Endocrinology 149, 358–366.
Wang, X., Miyares, R. L. & Ahern, G. P. (2005). Oleoylethanolamide excites vagal
sensory neurones, induces visceral pain and reduces short-term food intake in mice
via capsaicin receptor TRPV1. Journal of Physiology 564, 541–547.
Wang, Z., Ying, Z., Bosy-Westphal, A., Zhang, J., Schautz, B., Later,
W., Heymsfield, S. B. & Müller, M. J. (2010). Specific metabolic rates
of major organs and tissues across adulthood: evaluation by mechanistic
model of resting energy expenditure. American Journal of Clinical Nutrition 92,
1369–1377.
Weihe, W. H. (1973). Effect of temperature on action of drugs. Annual Review of
Pharmacology and Toxicology 13, 409–425.




Ambient temperature and herbivore feeding ecology 19
Welbergen, J. A., Klose, S. M., Markus, N. & Eby, P. (2008). Climate change and
the effects of temperature extremes on Australian flying-foxes. Proceedings of the Royal
Society of London Series B 275, 419–425.
West, J. W. (1999). Nutritional strategies for managing the heat-stressed dairy cow.
Journal of Animal Science 77, 21–35.
Westerterp, K. R. (2004). Diet-induced thermogenesis. Nutrition and Metabolism 1, 5.
Wheelock, J. B., Rhoads, R. P., VanBaale, M. J., Sanders, S. R. & Baumgard,
L. H. (2010). Effects of heat stress on energetic metabolism in lactating Holstein
cows. Journal of Dairy Science 93, 644–655.
White, R. G. (1983). Foraging patterns and their multiplier effects on productivity of
northern ungulates. Oikos 40, 377–384.
Willis, D. N., Liu, B., Ha, M. A., Jordt, S.-E. & Morris, J. B. (2011). Menthol
attenuates respiratory irritation responses to multiple cigarette smoke irritants.
FASEB Journal 25, 4434–4444.
Wilson, A. D. (1966). Intake and excretion of sodium by sheep fed on species of
Atriplex (saltbush) and Kochia (bluebush). Australian Journal of Agricultural Research 17,
155–163.
Xu, H., Blair, N. T. & Clapham, D. E. (2005). Camphor activates and strongly
desensitizes the transient receptor potential vanilloid subtype 1 channel in a
vanilloid-independent mechanism. Journal of Neuroscience 25, 8924–8937.
Xu, H., Delling, M., Jun, J. C. & Clapham, D. E. (2006). Oregano, thyme and
clove-derived flavors and skin sensitizers activate specific TRP channels. Nature
Neuroscience 9, 628–635.
Yang, B. H., Piao, Z. G., Kim, Y. B., Lee, C. H., Lee, J. K., Park, K., Kim, J. S.
& Oh, S. B. (2003). Activation of vanilloid receptor 1 (VR1) by eugenol. Journal of
Dental Research 82, 781–785.
Zurbenko, I. & Luo, M. (2015). Surface humidity changes in different temporal
scales. American Journal of Climate Change 4, 226–238.
(Received 28 March 2017; revised 25 July 2017; accepted 9 August 2017 )
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































5	Peltier	 Effect	 Temperature	 Controller	 and	 Peltier	 Effect	 unit	 (Sable	 Systems	
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to	 the	 inside	 of	 the	 metabolism	 chamber	 to	 monitor	 chamber	 temperature.	 These	
thermocouples	 were	 attached	 to	 a	 thermocouple	 reader	 (TC-1000;	 Sable	 Systems	
International,	 NV,	 USA),	 and	 a	 UI-2	 system	 interface	 and	 collected	 onto	 a	 personal	





















Measurements	 of	 gas	 exchange	 were	 taken	 at	 six	 different	 temperatures	 (three	
temperatures	on	each	of	two	separate	days	in	the	chamber)	for	each	ringtail	possum.	The	
temperatures	 were	 stratified	 so	 that	 possums	 experienced	 one	 low	 (4-15oC),	 one	
medium	(15-25oC)	and	one	high	temperature	(25-35oC)	on	each	day	in	the	chamber.	In	
this	way,	the	maximum	number	of	temperatures	within	the	4-35oC	range	was	covered,	











































































































































































































































































































































































































































































































































































































































































































































































































51.65	 42.47	 49.09	 43.18	
104
Fat	%	 1.81	 1.73	 1.23	 1.97	
Protein	%	 17.60	 4.53	 18.09	 4.50	
Carbohydrate	
%	











































































SE	 10˚C	 18˚C	 26˚C	
10˚C		 0.22		 0.02	 	 	 	
18˚C	 0.22	 0.02	 NS	 	 	
26˚C	 0.20	 0.01	 ***	 ***	 	









SE	 10˚C	 18˚C	 26˚C	
10˚C		 87.13	 4.75	 	 	 	
18˚C	 83.90	 4.75	 NS	(P=0.08)	 	 	





























10˚C	 26˚C		 10˚C		 26˚C	
Basal		
	
10	 0.15	 0.01	 	 NS(0.14)	 ***	 ***	
26	 0.14	 0.01	 	 	 ***	 ***	
Cineole	
	
10	 0.19	 0.02	 ***	 ***	 	 NS(0.99)	






















10˚C	 26˚C		 10˚C		 26˚C	
Basal		
	
10	 92.14		 3.88	 	 NS(0.16)	 ***	 ***	
26	 86.54	 3.88	 	 	 ***	 ***	
Cineole	
	
10	 54.37	 4.48	 ***	 ***	 	 NS(0.37)	














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































in	 calculation	 of	 bioenergetic	 measures	 are	 labelled	 on	 the	 x-axis.	 Maximal	 OCR	
(maximum	 value	 in	 Int3),	 pre-experiment	 OCR	 (maximum	 value	 in	 Int0),	 initial	
experimental	 OCR	 (Int	 1),	 ATPase	 independent	 OCR	 (minimum	 value	 Int2)	 and	 ETC-
independent	or	non-mitochondrial	OCR	(Int	4),	are	indicated	by	dashed	horizontal	lines.	
Statistical	analysis	
Following	 the	 methods	 described	 by	 Yépez	 et	 al	 (2018)	 well	 based	 and	 point	 based	
outliers	were	 removed	 from	 the	 data	 set	 and	OCR	was	 log	 transformed.	 Ratio	 based	
bioenergetic	metrics	were	then	calculated	from	the	mitochondrial	stress	test	results	as	
per	 Table	2	 (Yépez	 et	 al.	 2018).	 Two	additional	metrics,	 PSM-induced	 respiration	 and	
coupling	efficiency,	were	also	calculated	to	investigate	the	effect	of	the	PSM	on	the	cells.	







































P/I	 PSM	stimulated	respiration	as	a	proportion	of	initial	respiration	 !"#1 − !"#4
!"#0 	










































































































































































































































































































































































































































































































































































































































































































































































































1	 30	 3	 988	 -	
2	 15	 1.5	 500	 500	
3	 10	 1	 333	 667	
4	 7.5	 0.75	 250	 750	
5	 5	 0.5	 333	 667	
6	 1	 0.1	 800	 200	
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1	 2	 3	 4	 5	 6	
A	
Blank	 0.1	 1.5	 0.1	 0.1	 1	
B	
0.1	 0.5	 1.5	 Blank	 1	 1.5	
C	
0.5	 1	 Blank	 0.5	 1.5	 3	
D	
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(Chapter	4)	and	the	recent	work	of	others	(E.g	Guo	et	al.	2018),	I	suggest	intake	
patterns	may	follow	the	hypothetical	example	presented	in	Figure	2.	I	predict	that	at	
relatively	unchallenging	temperatures	within	the	thermoneutral	zone,	any	changes	in	
energy	expenditure	are	met	with	changes	in	overall	food	intake	without	changing	the	
balance	of	nutrients.	At	warm	temperatures,	the	challenge	of	heat	dissipation	limitation	
imposes	a	reduction	in	overall	food	intake	and	in	protein	intake	to	minimise	diet	
induced	thermogenesis.	At	cooler	temperatures,	increases	in	thermoregulatory	
requirements	cause	increased	intake	coupled	with	a	change	in	diet	selection	towards	an	
increased	proportion	of	readily	available	non-protein	energy	intake	(Guo	et	al.	2018).	
This	means	that,	relative	to	thermoneutral	temperatures,	both	heat	and	cold	challenge	
cause	the	protein	to	non-protein	balance	in	the	diet	to	shift	in	the	same	direction.	
There	is	huge	opportunity	for	future	experiments	in	this	area.	For	example,	it	would	be	
extremely	valuable	to	test	a	wider	range	of	temperatures	and	in	smaller	increments	to	
verify	these	predictions.	Following	this,	considering	how	animals	in	the	wild	exposed	to	
variable	temperatures	and	other	challenges	adjust	their	diet	selection,	would	no	doubt	
prove	fruitful.	
Figure	2:	A	hypothetical	model	
predicting	how	animals	may	change	
their	balance	and	intake	of	protein	
and	non-protein	energy	with	
ambient	temperature	(solid	black	
lines).	Nutritional	rails	for	a	few	
selected	intake	points	(black	dots)	
are	shown	as	dashed	lines.	Note	that	
animals	may	select	the	same	
nutritional	rail	in	hot	or	in	cold	
conditions	but	consume	vastly	
different	amounts.		
	
In	chapter	4	I	showed	that	when	a	PSM	was	included	in	the	diet,	possums	chose	a	
different	diet	composition	again;	one	that	was	higher	in	protein,	regardless	of	
temperature.	While	the	likely	reason	for	this	is	an	increase	in	whole-body	protein	costs	
of	ingesting	PSMs,	it	also	demonstrates	that	one	factor	may	drive	a	feeding	decision	one	
way,	and	another	factor	may	drive	it	a	different	way.	These	things	can	be	tested	in	
isolation	in	the	lab,	but	the	reality	of	natural	conditions	is	that	there	is	a	constant	
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tradeoff	between	opposing	forces.	So,	while	I	have	shown	that	temperature	is	a	driver	
of	both	nutrient	selection	and	PSM	tolerance	by	herbivores,	I	also	reemphasize	that	the	
components	of	the	diet	cannot	be	considered	in	isolation	from	one	another,	and	that	
the	decisions	of	the	herbivore	cannot	be	viewed	as	static.	Nutrients,	PSMs,	and	
temperature	can	all	drive	requirements	or	impose	limitations	that	then	culminate	in	the	
diet	selected	by	wild	herbivores.		
I	have	shown	that	the	intake	of	potentially	toxic	diets	containing	PSMs	depends	not	only	
on	ambient	temperature	but	also	on	the	length	of	exposure	time	to	those	
temperatures,	while	the	impact	of	temperature	on	intake	of	PSM-free	diets	was	not	
changed	by	exposure	time.	The	experiment	in	chapter	2	shows	that	at	least	one	
mechanism	for	the	reduction	in	intake	of	PSM	containing	diets	following	one	week	of	
heat	exposure	is	a	reduction	in	hepatic	metabolism	of	xenobiotics.	As	discussed	in	
chapters	2	and	3,	the	size	of	an	animal	would	likely	change	the	effect	of	exposure	time,	
such	that	smaller	animals	are	quicker	to	make	physiological	adjustments	to	
temperature	than	are	larger	animals.	The	effect	of	exposure	time	is	interesting,	as	I	
typically	think	of	acclimation	to	conditions	as	being	a	series	of	beneficial	physiological	
changes	across	the	course	of	exposure	making	an	animal	more	tolerant	to	those	
conditions.	At	first	glance,	a	reduced	tolerance	to	toxins	following	longer	exposure	time,	
and	hence	a	reduced	intake	of	food	containing	PSMs,	appears	detrimental.	However,	
hyperthermia,	due	to	excess	heat	produced	by	diet	induced	thermogenesis,	is	likely	to	
have	more	immediate	consequences	than	eating	less.	The	likelihood	of	hyperthermia	
can	be	reduced	by	eating	less	food,	and	by	taking	in	and	metabolizing	fewer	PSMs.	
Becoming	intoxicated	is	also	likely	to	have	more	immediate	detrimental	consequences	
than	eating	less.	Eating	more	can	wait	for	times	when	there	is	less	of	a	trade	off	with	
thermoregulation.		
Wild	herbivores	are	exposed	to	fluctuating	rather	than	constant	ambient	temperatures.	
The	influence	of	temperature	on	nutrition	may	be	different	when	minimum	and	
maximum	temperatures	vary	within	a	day.	In	chapter	5	I	showed	that	on	a	per-meal	
basis	in	koalas,	there	is	an	interaction	between	PSM	concentration	and	the	impact	of	
higher	ambient	temperatures	at	the	time	of	the	meal	on	per	meal	food	intake,	such	that	
if	PSM	concentration	was	high,	warmer	temperatures	reduced	food	intake.	It	is	
important	to	note	that	in	the	captive	studies	of	Chapters	3	and	4	only	total	food	intake	
181
per	day	was	measured	for	each	possum.	It	is	possible	that,	even	though	there	was	no	
difference	in	PSM	intake	after	a	short	exposure	to	different	ambient	temperatures,	
possums	may	have	eaten	smaller	meals	but	compensated	by	eating	more	frequently,	
leading	to	no	change	in	food	intake	within	a	day.	Nevertheless,	in	Chapter	5,	there	was	
no	change	in	the	number	of	meals	eaten	by	koalas	on	days	with	different	mean,	
minimum,	or	maximum	temperatures.	There	was,	however,	a	significant	reduction	in	
daily	food	intake	when	the	mean	ambient	temperature	was	warmer,	due	to	changes	in	
meal	size	rather	than	changes	in	meal	frequency.	This	is	interesting	because	it	means	
that	the	effect	of	temperature	on	food	intake	is	at	least	partly	due	to	immediate	
feedback	to	the	animals,	and	points	to	possibilities	for	future	research	at	different	time	
scales	with	a	larger	and	more	focused	data	set.		
Of	note,	is	that	the	temperatures	I	used	in	Chapters	2-4	(10	°C,	18	°C	and	26	°C)	are	
relatively	mild	considering	the	natural	range	of	temperatures	that	occurs	in	Canberra	
(e.g.	average	daily	winter	temperature	of	1	–	12˚C	and	average	summer	daytime	
temperature	of	12	-27˚C),	where	the	possums	used	in	my	research	were	captured.	
Nevertheless,	the	temperatures	were	selected	based	on	the	physiological	responses	of	
possums	to	those	temperatures.	When	attempting	to	characterize	the	TNZ	of	possums	I	
did	not	find	an	increase	in	metabolic	rate	at	warmer	temperatures	like	in	the	classical	
model,	but	I	did	find	an	increase	in	body	temperature,	indicating	a	limit	in	
thermoregulation.	According	to	my	measurements,	the	warmest	temperature	to	which	
I	exposed	possums	in	the	feeding	experiments	was	around	the	upper	critical	
temperature	of	the	TNZ.	The	mild	nature	of	these	temperatures	demonstrates	that	
ambient	temperature	is	likely	to	affect	the	feeding	choices	and	PSM	tolerance	of	a	wide	
range	of	herbivore	species	residing	in	many	different	types	of	habitats.	It	also	highlights	
that	temperatures	used	in	these	types	of	studies	should	be	of	ecological	and	
physiological	relevance	to	the	animal	in	question.	So,	while	I	consider	the	mechanisms	
discussed	in	this	thesis	to	drive	changes	in	feeding	behavior	with	temperature	to	be	
transferrable	to	other	animals,	the	specific	details	in	terms	of	timing	and	magnitude	of	
temperature	differences	may	vary	species	to	species.	In	addition,	the	diets	and	PSMs	
used	should	also	be	relevant	to	the	specific	animal	in	question.	
In	Chapter	6	I	did	not	see	clear	evidence	that	any	of	the	compounds	tested	acted	as	
mitochondrial	uncouplers.	The	question	of	whether	PSMs	act	as	mitochondrial	
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uncouplers	comes	from	an	acknowledgement	that,	during	the	process	of	an	animal	
consuming,	metabolizing	and	excreting	a	PSM,	the	PSM	itself	is	not	an	inert	substance.	
Rather,	it	has	biological	activity	of	its	own,	which	is	often	uncharacterized.	
Understanding	whether	a	specific	PSM	is	likely	to	cause	an	increase	in	heat	production	
in	a	herbivore	due	to	mitochondrial	uncoupling	could	be	of	significant	benefit	in	linking	
or	predicting	the	effects	of	elevated	ambient	temperatures	on	the	feeding	behavior	of	
herbivores.	Chapter	6	can	be	considered	exploratory,	and	provides	some	guidance	for	
future	research.	For	example,	first,	it	would	be	advantageous	to	develop	possum	cell	
lines	from	a	few	different	tissues.		However,	developing	cell	lines	from	non-model	
species	is	not	straightforward,	and	is	likely	to	take	a	significant	investment	of	time	and	
resources.	Second,	although	the	instrument	used	to	characterize	cellular	respiration	has	
been	widely	used	in	this	research	area,	it	was	not	entirely	suitable	for	cell	lines	that	are	
suspended.	An	alternative	might	be	the	OROBOROS	oxygraph.		Third,	it	would	be	useful	
to	test	a	wider	range	of	concentrations,	and	a	wider	range	of	compounds,	since	
mitochondrial	uncoupling	can	be	concentration	specific,	as	seen	from	the	DNP	results.	
Fourth,	it	would	be	valuable	to	do	a	follow	up	experiment	in	which	cells	are	incubated	
with	the	PSMs	to	see	if	they	can	induce	uncoupling	proteins.	I	did	see	some	interesting	
results	that	gave	rise	to	sufficient	follow	up	questions	to	warrant	future	studies	
continuing	the	exploration.	For	example,	is	a	rise	in	non-mitochondrial	respiration	in	
cells	treated	with	some	compounds	reflecting	detoxification	processes?	direct	
calorimetry	may	be	a	method	for	investigating	further,	to	what	degree	specific	PSMs	
impact	heat	production	at	the	whole	animal	level	either	through	detoxification	or	
through	uncoupling	of	mitochondria.	
Even	small	changes	in	nutrient	intake	at	the	individual	animal	level	can	have	large	
impacts	at	the	population	level.	For	example,	small	changes	in	protein	or	available	
protein	in	the	diet	can	have	huge	impacts	on	population	demographics	and	
reproductive	outcomes	in	herbivores	(White	1983).	Likewise,	plant	secondary	
metabolites	can	dictate	habitat	suitability	and	herbivore	population	densities	(E.g.	
Lawler,	Foley	&	Eschler	2000;	DeGabriel	et	al.	2009;	Youngentob	et	al.	2011;	Frye	et	al.	
2013).	What	this	means	on	a	broader	scale	is	that	the	same	forest	of	trees	with	
unchanged	chemistry	is	less	edible	after	a	week	of	warm	temperatures,	because	of	
changes	in	animal	physiology.	It	also	means	that	in	warm	conditions	herbivores	eat	less	
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overall	(Chapters	2-5)	and	select	trees	with	lower	PSM	and	available	N	levels	(Chapter	
5).	In	warm	temperatures,	herbivores	may	be	more	selective	for	trees	with	lower	PSM	
concentrations	(Chapter	5),	which	is	only	possible	if	their	habitat	contains	enough	low	
PSM	trees.	Eating	less	means	fewer	nutrients	available	for	other	functions	(e.g.	growth,	
reproduction)	and	my	data	suggests	that	they	do	not	compensate	for	this	my	eating	
more	nutrient	rich	leaves	(Chapter	5).	This	may	result	in	potential	flow	on	effects	in	the	
animal	population.	Being	more	selective	means	an	increase	in	herbivore	pressure	on	
individual	trees	with	low	PSM	concentrations	in	the	environment,	leading	to	flow	on	
effects	in	the	plant	population.		I	have	also	shown	that	PSMs	can	directly	interfere	with	
cellular	energy	metabolism	(Chapter	6),	although	not	in	the	way	I	hypothesized.	
Although	we	don’t	yet	fully	understand	the	relevance	of	this	for	wild	populations,	
animals	consuming	PSMs	may	be	balancing	different	internal	heat	production	with	the	
external	thermal	environment,	depending	on	the	composition	of	their	diet.		
Future	directions	
Laboratory	based	
While	I	explored	some	mechanisms	by	which	temperature	may	interact	with	the	diet,	I	
have	opened	the	door	to	many	other	angles	for	future	research	(Figure	3).	Two	such	
areas	are	blood	flow	and	water	balance.	Both	water	and	blood	link	thermoregulation	
with	food	intake.	Blood	distributes	oxygen,	nutrients,	hormones,	heat,	metabolites,	and	
water	around	the	body.	When	ambient	temperatures	are	high,	a	larger	pool	of	blood	
circulates	in	the	periphery	as	a	heat	loss	mechanism	(Johnson,	Minson	&	Kellogg	Jr.	
2014),	and	though	perhaps	subtle,	over	time	this	may	change	the	structure	and	
function	of	tissues.	A	smaller	centrally	circulating	blood	pool	and	reduced	blood	flow	to	
the	intestinal	wall	(Johnson,	Minson	&	Kellogg	Jr.	2014),	can	be	the	rate-limiting	step	for	
the	absorption	of	orally	administered	drugs	(Pang	2003).	Reduced	intestinal	blood	flow	
also	means	a	slower	delivery	of	components	absorbed	from	the	gut	to	the	liver	
(Wilkinson	1975).	Second,	it	has	been	shown	that,	over	time,	the	intestinal	villi	shorten	
in	length	in	response	to	extended	exposure	to	warmer	ambient	temperatures,	leaving	a	
smaller	absorptive	surface	area	within	the	gut	(Mitchell	&	Carlisle	1992).	Third,	slower	
gut	transit	time	in	response	to	increased	ambient	temperature	may	also	slow	gastric	
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emptying	(Christopherson	&	Kennedy	1983).	There	are	discrepancies	in	whether	the	
changes	to	the	gut	induced	by	heat	exposure	result	in	increased	or	decreased	
digestibility,	and	changes	to	absorption	per	unit	of	area	of	the	gut	can	be	increased	for	
specific	nutrients	(e.g.	hexoses,	amino	acids,	glucose,	Mitchell	&	Carlisle	1992).	But	
these	changes	to	absorption	only	ever	represent	a	partial	compensation	for	reduced	
blood	flow,	shortened	villi,	and	slowed	transit	time,	so	the	time	in	which	a	PSM	persists	
in	the	gut	would	likely	be	increased	at	warmer	ambient	temperatures	(Mitchell	&	
Carlisle	1992).	It	would	therefore	be	interesting	to	relate	temperature	to	blood	flow	and	
investigate	whether	this	could	act	as	a	unifying	mechanism	underpinning	all	of	the	
mechanisms	discussed	in	chapters	2	through	5	to	culminate	in	an	effect	of	temperature	
on	food	and	PSM	intake	by	herbivores.	
Once	absorbed,	nutrients	and	some	PSMs	from	the	gut	are	delivered	via	the	portal	vein	
to	the	liver	for	metabolism.	Slower	absorption	from	the	gut,	and	slower	delivery	to	the	
liver,	means	ingested	PSMs	could	be	expected	to	take	longer	to	reach	peak	blood	
concentration	and	to	be	cleared	from	the	body	(Chillistone	&	Hardman	2017).	
Depending	on	how	an	ingested	PSM	is	regulated	and	where	it	acts	in	the	body,	or	if	
there	is	any	storage,	a	prolonged	presence	may	lead	to	a	more	deterrent	effect.	Nausea	
signals	are	a	known	mechanism	by	which	some	PSMs	deter	feeding	(Provenza	et	al.	
1994).	For	example,	possums	ingesting	Eucalyptus	leaves	ate	significantly	more	of	the	
PSM	jensenone	(a	compound	of	the	same	class	and	action	as	sideroxylonal)	when	dosed	
with	a	selective	5-HT3	receptor	antagonist	to	prevent	nausea	(Lawler	et	al.	1998;	
DeGabriel	et	al.	2010).	
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Figure	3:	Flow	diagram	showing	how	I	see	the	factors	explored	in	this	thesis	(marigold	
boxes)	are	connected	with	already	established	knowledge	(turquoise	boxes)	and	with	
ideas	explored	in	isolation	in	other	study	systems	for	which	I	suggest	future	research	
could	be	directed	(orange	boxes).	
	
For	PSMs	that	exert	effects	from	within	the	gut,	a	slower	absorption	may	lead	to	a	
prolonged	deterrence	from	feeding,	leading	to	lower	overall	intake	by	the	animal.	This	
would	not	necessarily	increase	overall	toxicity.	For	instance,	if	a	PSM	deters	feeding	
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from	within	the	gut,	but	exerts	toxic	effects	following	absorption,	prolonged	persistence	
within	the	gut	would	increase	deterrence,	but	the	PSM	would	have	a	lower	peak	blood	
concentration	(figure	4).	Therefore,	another	area	for	future	research	is	gut	transit	or	
intestinal	absorption	studies	coupled	with	blood	flow	studies	to	determine	the	exact	
mechanisms	by	which	exposure	to	ambient	temperatures	of	different	durations	acts	to	
change	the	intake	of	diets	containing	PSMs.	
	
Figure	4.	Schematic	representation	of	how	acclimation	to	different	thermal	
environments	could	alter	pharmacokinetics	of	PSMs	ingested	by	herbivores.	Solid	lines	
indicate	the	concentration	of	a	PSM	in	the	gut	of	a	cool	(black)	and	warm	(grey)	
acclimated	animal.	The	PSM	is	absorbed	from	the	gut	more	slowly	in	the	warm	
acclimated	animal.	This	results	in	a	lower	and	longer	blood	PSM	concentration	in	the	
warm	acclimated	(grey	dashed	line)	compared	to	the	cool	acclimated	animal	(black	
dashed	line).		
	Another	possible	avenue	for	further	research	is	the	interplay	between	nutrition,	
thermoregulation,	and	water	conservation,	which	may	also	trade	off	with	excretion	of	
breakdown	products.	Water	maintains	the	fluid	volume	of	the	blood,	is	used	for	
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evaporative	cooling	and	is	the	vehicle	for	excretion	of	breakdown	products	from	both	
nutrients	and	PSMs.	In	eucalypt	folivores,	water	is	taken	in	primarily	with	food.	Thus,	
any	factors	constraining	food	intake	are	also	likely	to	affect	the	intake	of	water,	and	its	
availability	for	thermoregulation.	Equipment	limitations	prevented	me	from	accurately	
measuring	water	intake	or	loss	during	the	experiments	in	my	thesis.	Therefore,	it	
may/would	be	interesting/beneficial/useful	to	test	the	way	in	which	water	intake	
interacts	with	nutritional	demands,	nutritional	limitations	and	with	thermoregulation,	to	
influence	food	intake.	For	example,	do	animals	who	gain	water	from	their	food	select	
food	with	more	water	when	ambient	temperatures	are	warm,	and	how	does	this	impact	
their	nutrient	intake?		
Field	based	
Since	wild	herbivores	are	faced	with	a	diverse	nutritional	landscape	and	constantly	
changing	thermal	environment,	there	is	a	wealth	of	avenues	for	future	research	in	field-
based	studies.	For	example,	long	term	data	sets	could	be	used	to	determine	seasonal	
differences,	or	how	daily	temperature	fluctuations	impact	intake	at	fine	scales.	In	
chapter	5	I	show	one	way	in	which	this	type	of	question	can	be	investigated	in	the	field,	
namely	monitoring	the	length	and	location	of	meals	using	a	combination	of	radio-	and	
audio-telemetry.	Another	method	used	for	the	detailed	study	of	feeding	by	wild	
herbivores	is	habituating	animals	to	human	presence,	in	particular	primates,	and	
observing	feeding	rates	directly	(Rothman,	Raubenheimer	&	Chapman	2011).	Both	of	
these	methods	are	labor	intensive,	and	any	improvement	in	the	ease	of	data	collection	
would	no	doubt	be	welcome.	It	would	also	be	useful	to	couple	continuous	monitoring	
of	feeding	behavior	and	ambient	temperature	with	simultaneous	data	on	body	
temperature	to	track	whether	animals	store	body	heat	or	to	what	degree	they	allow	
body	temperature	fluctuations	and	if	this	is	correlated	with	diet.	Microelectronic	
technologies	for	continuous	monitoring	of	the	internal	environment	have	advanced	
significantly	in	recent	years,	so	that	physiological	parameters	could	be	measured	via	
implanted	data	loggers.	This	may	soon	prove	to	be	a	more	practical,	and	hopefully	also	
economic,	approach	to	studying	nutrition	and	thermoregulation	in	wild	herbivores.	The	
disadvantage	is	that	it	requires,	at	least	initially,	capture	and	implantation	of	the	device.	
Interference	with	wild	populations	in	this	way	will	vary	in	its	practicality	so	should	be	
considered	in	a	case	by	case	manner.	
188
Concluding	remarks	
Ultimately	the	aim	of	understanding	temperature	effects	on	feeding	and	PSM	tolerance	
in	herbivores	is	about	understanding	how	climate	change	will	impact	free-ranging	
herbivores.	Feeding	is	a	fundamental	requirement	for	animals,	making	access	to	the	
right	food	essential	for	their	success.	Through	work	such	as	that	presented	in	this	thesis	
we	can	hope	to	better	incorporate	the	dynamic	relationship	between	temperature	and	
nutrition	into	conservation	efforts.		
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